Introduction
The magnitude by which the environment contributes to the aetiology of human cancer is disputed, with recent estimates ranging from 1 to 19% (1) (2) (3) . As these authors have discussed, the differences in part depend on definitions of the word 'environment'. In the current review, I will refer to the environment in the broader sense of lifestyle (including diet), infections, radiation, natural and man-made chemicals and occupational exposures. The subtleties of definition, while to some appearing esoteric, are important as the conclusions drawn may influence funding bodies and drive political priorities for research and public health, especially when espoused by the World Health Organization and its specialized cancer agency, the International Agency for Research on Cancer. Consequently, it is vitally important to have an accurate understanding of the global contribution of the environment to human cancer and to interpret those data in an informative manner for policy makers.
Necessarily with the aforementioned global estimates of cancer risk, there is an aggregation and simplification of information. Underlying the headline figures is a complexity that demands consideration in relation to cancer prevention. While the gross estimates can provide general guidance, for example towards the importance of understanding diet and cancer risk, the underpinning detail may reveal a paucity of reliable information of a more specific kind. First, the broad categories of environmental factors under discussion are themselves heterogeneous. Environmental pollution, for example, includes pesticides, wood burning fires, diesel exhaust emissions, industrial waste, etc. The prevalence and level of each exposure will vary markedly in different parts of the world and each may be relevant to cancers at specific sites. The magnitude of risk related to pesticides and Hodgkin's lymphoma would not be the same as for diesel exhaust and lung cancer. Second, the extent and quality of epidemiological data vary markedly in each specific case. The resulting gaps in knowledge are problematic because it is not general estimates of the role of the environment in cancer causation that translate to effective cancer prevention at a national or international level, rather it is the specifics, relating particular exposures to particular risks that best inform decisions.
In a genomic era of high excitement about the influence of genes on common chronic diseases, it has never been more timely to keep in mind the seminal observations from epidemiology that point to such a strong influence of the environment on cancer occurrence, including the marked geographic variations in incidence, changes in incidence over relatively short periods of time and the altered patterns of disease in migrant populations (4) . Genome-wide association studies, performed on thousands of individuals, are certainly yielding exciting findings. A recent example, pertinent to common chronic disorders, reported that common variants near the melanocortin-4 receptor gene are strongly associated with fat mass and obesity (5) . However, in this specific case these variants made an estimated contribution of just $0.14% to the overall variance in adult body:mass index. The value of such studies to public health is clearly through providing novel insights into how the environment acts on the relevant biological pathways, rather than through personalized risk assessment and medicine, even in developed countries.
The majority of cancers have a complex aetiology where one or more environmental risk factors interact with genetic background, age, sex, socio-demographic status and other factors. However, the precise contribution of individual factors and their interaction, both with each other and with genotype, continues to be difficult to elucidate. This is partially due to the challenges inherent in accurately measuring exposure. Misclassification in exposure assessment introduces uncertainty and limits the power of epidemiological studies. This is particularly damaging when the true strength of the association between exposure and disease is modest. In these cases, misclassification may blur or completely obscure underlying causal associations. Many environmental exposures of interest occur at low levels but can be ubiquitous, posing further challenges to accurate exposure assessment.
In response to the above needs, molecular cancer epidemiology promised to provide biomarkers to refine exposure assessment. Among the potential advantages of exposure, biomarkers are the provision of a more objective measure at the individual level; a relevant measure in relation to events on, or related to, the causal pathway; information relevant to the biological plausibility of an exposure-disease association and an ability to detect low levels of exposure using sensitive laboratory technology. While progress has undoubtedly been made, the accurate assessment of many environmental exposures has remained an outstanding challenge with a need to improve assessment of the 'exposome' to complement the genome (6,7). Huge investment is being made in large prospective cohort studies that include the expensive collection and banking of biological material (8) (9) (10) . These cohorts require improved approaches to exposure assessment, including biomarkers. A structured approach to this requirement by major funding agencies is needed now while there is still a decade or so of grace, before the cohorts mature in terms of numbers of cases, during which time progress can be made in the development and validation of specific exposure biomarkers.
This review will briefly consider the current status of exposure biomarkers in molecular cancer epidemiology and consider where new challenges lie in order to help move the field forward. While the focus of the chapter is on biomarkers, it is important to acknowledge that refinement of exposure assessment is also being addressed by complementary approaches, including geographic information systems, personal and environmental monitoring and increasingly sophisticated questionnaires (11, 12) ; it is eventually a combination of tools which is most likely to provide the answers required.
Exposure biomarkers and mechanisms of carcinogenesis
A notable feature of much of the literature to date on exposure biomarkers in cancer epidemiology is the emphasis on compounds that damage DNA, with the associated measurement of DNA adducts and mutations. One of the most exciting future challenges for molecular epidemiology is the development of an analogous set of biomarkers for exposures acting through other mechanisms of carcinogenesis. This follows the recognition that environmental exposures can alter gene expression not only by mutation but also by epigenetic mechanisms (13) . It is critical that the rapid advance in understanding of epigenetic mechanisms (14, 15) is matched by translation of this knowledge into biomarkers applicable to population-based studies of cancer aetiology. This field is particularly compelling because of the recognition that a number of epigenetic events are reversible. Consequently, this represents an opportunity not only for therapy, currently the primary focus of discussion (15) , but also for cancer prevention perhaps through the targeting of pre-cancerous lesions.
Some of the major epigenetic mechanisms of interest are listed in Table I . Methylation of CpG promoter sequences and the modification of histones are common findings in human cancers (16, 17) . The measurement of CpG hypermethylation (18, 19) and global methylation (20) in biological fluids and the observation that environmental exposures such as tobacco smoking are associated with altered methylation patterns (21) offer an opportunity to molecular epidemiology in a similar way to the detection of mutated circulating DNA sequences in peripheral blood (22) . The close mechanistic link between DNA methylation and histone modification, for example through methyl-CpG-binding domain proteins, opens up a further important area of research where molecular epidemiologists have opportunities to consider the role of the environment in modifying these processes (16) . In addition, the role of microRNAs, which inhibit expression of specific target genes (23) , also merits consideration in terms of environmental exposures.
Molecular epidemiology must begin to address the question as to how exposures, such as diet, obesity, physical exercise, environmental chemicals, etc., influence methylation, histone modification or other epigenetic processes to alter cell function and cancer risk (24) . In an even broader context, the influence of exposures on other relevant mechanisms, for example receptor binding (25) should be considered. It is possible that the discoveries from 'omics' technologies (see below) will be the catalyst for identification of further relevant non-genotoxic carcinogenic pathways and will thus stimulate the development of associated biomarkers in these areas.
Categories of exposure biomarker
A number of different categories of exposure biomarker have been identified and some of these are described in this section and summarized in Table II .
Environmental chemicals or their metabolites in human tissues, body fluids or exhaled air have been used to measure exposure and are termed markers of 'internal dose'. Examples include polycyclic aromatic hydrocarbons (PAH) (26), heterocyclic amines (27) , organochlorines (28) , hormones or nutrients in body fluids (29, 30) and organic chemicals in exhaled air (31) . In terms of biomarkers of diet, a distinction has been made between recovery biomarkers, based on an understanding of the balance between intake and excretion where the biomarker level translates to an estimate of intake over a given time period e.g. 24-h urinary nitrogen, and concentration biomarkers which are not time related and do not permit estimates of absolute intakes (32) . The influence of metabolism and other factors such as absorption on the level of circulating biomarker means there may not always be a simple relationship between external exposure and internal dose. Indeed, this property has been exploited to use the measurement of metabolite ratios successfully as an approach to metabolic phenotyping, for example in the case of PAH and urinary phenanthrene metabolites (33) . Some of the most informative internal dose biomarkers come from the area of infections and cancer (e.g. hepatitis viruses, human papilloma viruses, Helicobacter pylori) where the presence of pathogen proteins, or antibodies to these proteins, indicate that exposure has occurred.
DNA and protein adducts have been widely measured in human biological samples (34, 35) and these have been referred to as biomarkers of 'biologically effective dose' i.e. a measure of the amount of the carcinogen reaching the critical cellular target. Adduct levels provide an integration of exposure, absorption, distribution, metabolism and, in the case of DNA adducts, DNA repair. Some assays are chemical specific while others, such as the 32 P post-labelling or the Comet assay, reflect general levels of DNA damage although chromatographic purification techniques or DNA repair enzymes can provide more specificity. Other markers of general DNA damage include chromosomal aberrations, micronuclei and sister chromatid exchanges, which can be induced by a wide range of exposures, reflecting cumulative exposure to a variety of environmental factors. It could be argued that the absence of an association with a specific exposure means these latter types of biomarker should not be considered as indicators of biologically effective dose. However, this is more a question of limited specificity than of categorization. For example, DNA strand breaks undoubtedly would be a critical lesion resulting from exposure to gamma irradiation and hence represent the biologically effective dose, even if the total burden of strand breaks could not be assigned exclusively to that exposure.
As mentioned above, many carcinogens act other than by damaging DNA and in these cases the biologically effective dose may be the amount of the chemical exposure bound to a cellular receptor, an altered enzyme activity or its consequences. For example, the mycotoxin, fumonisin B1 classified by the IARC as 'possibly carcinogenic to humans' (36), appears to act through its inhibition of ceramide synthase and sphingolipid biosynthesis (37) . In this case, the biomarker of biologically effective dose might be the alteration in the ratio of sphingolipid precursors.
Somatic mutations, either in reporter genes (38, 39) or in cancer-related genes (40) , have also been used to investigate human exposure to environmental agents. Again, here the classification by category of biomarker is less clear and these may also be referred to as biomarkers of 'early biological effect' together with the genetic alterations mentioned above. Mutation analyses may be limited to the mutation frequency or may also investigate the pattern of mutations in order to infer something more specific about their environmental origin. Altered gene, protein or metabolite expression mentioned in the previous section may prove to be informative about both the exposure and the biological effects of those exposures.
Sensitivity and specificity of exposure biomarkers
Many environmental exposures of interest occur at low levels and the exquisite sensitivity of some of the laboratory assays applied to exposure assessment can enable detection and quantification at these low levels. A good example of the success in this area is with environmental tobacco smoke where biomarkers clearly demonstrated that exposure occurs and that it exerts biological effects at environmental levels (41, 42) .
Specificity is another important consideration in selecting an exposure biomarker. For example, an assay of a DNA adduct will be specific for the target chemical. However, while some chemicals will equate to the environmental exposure that is of interest to the epidemiologist, some may not. For example, urinary aflatoxin-DNA adducts are a specific measure for dietary exposure to aflatoxins. However, with benzo(a)pyrene [B(a)P]-DNA adducts, the B(a)P may originate from any one of a number of environmental exposures e.g. tobacco smoke, diet, air pollution or certain occupational exposures (43) . This is also the case for general markers of DNA damage, such as chromosomal aberrations, where the biomarker cannot be simply related to a specific exposure. Validity has been defined as the (relative) lack of systematic measurement error when comparing the actual observation with a standard (reference) method, which represents the 'truth' (44) . The lack of biomarker validity may therefore result not only from analytical error in the laboratory but also from other underlying factors that distort the relationship between external exposure and biomarker including lack of dose-response relationship between exposure and biomarker, failure of the biomarker to integrate exposure over the time period of interest or inter-individual variability in the exposure-biomarker relationship. Examples include urinary aflatoxin P1, which does not quantitatively reflect aflatoxin exposure (45) and plasma ochratoxin A levels which did not correlate with ochratoxin A intake (46) . Empirical data are therefore required to establish the validity of a biomarker in exposed people, but unfortunately such evidence is not always obtained prior to application in epidemiological studies.
Exposure biomarkers and surrogate tissues
The interpretation of an exposure biomarker measurement will depend not only on the inherent nature of the biomarker but also in what biological medium it is measured. For example, a DNA adduct in peripheral blood cells will provide information that may differ qualitatively and quantitatively from that of the same DNA adduct measured in urine. While the critical level of a DNA adduct may occur at the tissue, cell, gene and even DNA sequence level, it is rarely possible to make measurements even in the target organ in relation to cancer risk. Instead, the measures are made in accessible samples, typically plasma or serum, white blood cells or urine.
The potential disconnection between what would be desirable and what is possible should be considered when interpreting the information gained from such surrogate molecules or tissues.
In addition to where the biomarker is measured, the timing of measurement is important to interpretation. Environmental exposures will vary qualitatively and quantitatively over time due to changes in lifestyle, place of residence, income, occupation, etc., and the impact of a given exposure on cancer risk may not be consistent across the lifespan of the individual (47, 48) . This recognition coupled with the knowledge that biomarkers are inherently transient in nature poses further challenges to the appropriate design of epidemiological studies incorporating exposure biomarkers.
Past exposure assessment to infectious agents has been successful due to the immunological fingerprint left by circulating antibodies to pathogen proteins. However, for chemical exposures, with some notable exceptions such as chemicals in adipose tissue or nail clippings for example (49, 50) , this has not been the case. In the majority of instances, the biomarker half-life for a chemical exposure is expected to be relatively short (days to months), although in reality the instances of this being established empirically in humans are few. Potential solutions include the search for longer lived adducts, for example on histone proteins (51) or mutational fingerprints, particularly when measured in plasma (52, 53) .
The short-term nature of the majority of the currently available exposure biomarkers makes them largely inapplicable to the case:control study design, not only because they may not reflect past exposure but because concurrent disease could influence the biomarker level. Despite this risk of reverse causation, some adducts have been applied in case: control studies with positive findings (54) (55) (56) .
Current exposure biomarkers are generally better suited to application in prospective cohort studies. A nested case:control study within the cohort or a case:cohort design (57) limits the resources needed for biomarker analysis. Recruitment and biological sampling from healthy individuals at entry to the study help avoid the problems of reverse causation. The design also provides an opportunity for repeat exposure measures and evaluation of the intra-individual variation, although often in practice the periods of follow-up tend to be short (a few years rather than decades) and biological sampling is only performed at a single time point (most often recruitment) due to logistic and financial constraints. Repeat measures may be possible in the newer and better-funded cohort studies. It is within the prospective cohort design that the most successful examples of biomarkers and disease outcome are found (45, (58) (59) (60) .
Biomarkers of exposure can provide far more to the field of cancer epidemiology than improvement in exposure assessment. In the following sections, examples of contributions to biological plausibility and intervention strategies are briefly discussed. Other valuable applications not considered here include the potential to permit extrapolation of data from animals to humans (61) and the application to human biomonitoring or biosurveillance (62, 63) .
Biological plausibility
One of the criteria for establishing a causal association between an exposure and disease is biological plausibility. In this context, biomarkers may contribute by illuminating some of the carcinogenic steps linked to a particular risk factor. This is possibly an undervalued area where biomarkers can make significant contributions to cancer epidemiology.
If a particular chemical exposure from ambient air is associated with increased risk, the additional information that exposed individuals have higher levels of DNA damage would add support to the exposure-disease association (42) . If genetic polymorphisms in carcinogen metabolizing or DNA repair enzymes are associated with both an increased cancer risk and higher levels of a biomarker on the presumed causal pathway e.g. DNA adducts, this would provide support for the original association (64, 65) . Some questions of biological plausibility can be addressed in human experimental studies. For example, subjects fed diets high in red meat had higher levels of Nnitroso compounds (NOC), and NOC-related DNA adducts in exfoliated cells, in faeces (66) providing a potential mechanisms for the observed association between red meat consumption and colorectal cancer risk. These types of mechanistic data are increasingly being considered in the processes of hazard identification and cancer risk assessment and will be of increasing relevance to these processes as epidemiology struggles to link exposure to disease where increased risks in the population are modest.
Intervention studies
Another valuable application of exposure biomarkers is in evaluating the potential of intervention strategies (67) . This may be primary prevention to reduce exposure or more mechanism-based approaches such as chemoprevention. In either case, biomarkers can be used as endpoints, permitting a proof of principle to be established in advance of long-term interventions where pre-cancerous lesions or cancer itself might be the outcome. The proof of principle stage may also provide valuable information pertinent to the design of interventions, for example in establishing appropriate doses of chemopreventive agents.
One type of intervention study aims to modulate a particular biochemical pathway, perhaps using a micronutrient or pharmaceutical agent. The outcome is a better understanding in vivo of mechanisms of carcinogenesis and a stronger scientific rationale for interventions. For example, Collins et al. (68) reported that kiwi fruit consumption reduced both endogenous oxidative DNA damage and damage induced by an ex vivo challenge in peripheral lymphocytes, as well as enhancing DNA repair. An elegant series of chemoprevention studies in China using oltipraz and chlorophyllin have also demonstrated the modulation of aflatoxin metabolism in exposed individuals (69) (70) (71) (72) . Alternatively, exposure biomarkers may be used as endpoints in primary prevention studies. In a community-based post-harvest primary prevention trial, targeted at the groundnut crop in Guinea, West Africa (73), aflatoxinalbumin adduct levels were .50% lower in subjects in the intervention villages. Other examples come from quit smoking studies where a panel of biomarkers can be used to monitor the success of the intervention (74) .
Transcriptomics, proteomics, metabonomics and the future opportunities for exposure biomarkers
The application of transcriptomics, proteomics and metabonomics to cancer research may contribute not only to understanding mechanisms of carcinogenesis but also potentially to the development of a new generation of biomarkers of exposure and early effect (75) . It may prove to be that the technologies themselves are not applied routinely to large numbers of subjects, although metabonomics may be an exception (see below), but these approaches may highlight novel responses to exposure within particular biological pathways, which would then provide more specific targets for assessment in relation to exposure.
The value of these technologies will primarily depend on whether specific environmental exposures are indeed reflected in the human body by altered levels of specific mRNA, proteins or metabolites. Will distinct signatures or fingerprints of environmental exposures be found across a broad spectrum of mechanisms of action? If so these new technologies may be in a position to permit a step change in the development of biomarkers of both exposure and effect.
There are some early indications that this is a fruitful area of research. A number of environmental and occupational exposures have been explored in preliminary studies in a population setting (see Table III ) (50, (76) (77) (78) (79) (80) (81) (82) (83) (84) . To date, these are characterized by relatively small numbers of subjects, partially reflecting the initial high cost of the microarrays and frequently a lack of consideration of the full range of potential confounding factors. In addition, the fold changes in gene expression have tended to be modest (,2-fold). The differences in scope of genes represented on the different types of array, their reproducibility and confirmation by independent techniques (e.g. reverse transcriptase-polymerase chain reaction) differ across the reports. However, the increasingly reproducible performance of commercial arrays and the sophisticated data analysis in terms of identification of alterations in pathway-related genes is starting to prove valuable.
One of the most informative examples to date has been the study of arsenic exposure in pregnant women and the effect on gene expression in cord blood samples from their children (50) . In this study, a small number of only 11 genes permitted correct prediction of the arsenic exposure status of the mother, suggesting these not only as promising candidates for the prenatal response to arsenic but also as biomarkers of exposure. Of the total 447 arsenic-modulated gene transcripts, 105 encoded proteins were identified as being part of an interacting network, with three significant sub-networks. These findings start to provide exciting functional information about, in this case a prenatal, environmental exposure to a known carcinogen and altered gene expression.
An additional study of great interest, because it sampled from the target cells, was that by Spira et al. (84) where the gene expression in bronchial epithelium cells was compared in smokers, ex-smokers and non-smokers. Genes in a number of categories, notably oxidant stress and glutathione metabolism, xenobiotic metabolism and secretion, differed between the groups.
Overall, these preliminary transcriptomic data indicate that environmental exposures elicit changes in gene expression and that the nature of the changes varies depending on the type of exposure. This encourages further exploration of the sensitivity, specificity and stability of these changes. The analytical reproducibility of transcriptomic approaches also needs to be considered. How distinct the eventual patterns of gene expression will prove to be across exposures remains to be determined, with some similarities already emerging, perhaps unsurprisingly, in terms of inflammation, oxidative stress, cell proliferation and apoptosis with several different exposures. This will be where greater understanding of the epigenetic effects of environmental exposures discussed earlier in this paper will prove valuable.
To date, proteomics has been less applied to exposure assessment than to the clinical detection of cancer or of precancerous lesions. An exception, however, was the application of plasma proteomics to the study of print workers exposed to benzene (85) . Examination of the 3,000 or so major metabolites that constitute the metabonome also offers opportunities to address exposure assessment. Urinary metabolite fingerprints were obtained in mice infected with Schistosoma mansoni (86) and in a nutritional study in people, a change from non-soy to soy-containing diet was associated with changes in the plasma metabonome (87) . More recently, a major metabonomic study of 4630 subjects by 1 H nuclear magnetic resonance (88) demonstrated marked differences in urinary metabolite profiles by population (China, Japan, UK and USA) with an interesting observation being that Japanese resident in Japan had different profiles than those living in America. Different diets were also associated with different phenotypes and furthermore some specific metabolites, notably formate, alanine (positively) and hippurate (negatively) were associated with blood pressure. Finally, the observed similarity between two 24-h urine samples from the same individual collected on average 3 weeks apart suggests that intra-individual variations are less significant than some of the demographic and dietary effects mentioned above. The potential application of omics technologies to characterize dietary exposures and to understand the biological effects of diet at the cellular level (89, 90) therefore receives some support from these early investigations. This new generation of technologies requires further research before the potential to yield a new generation of exposure biomarkers is evaluated. It remains to be seen if mRNA, protein or metabolite expression can be specific and sensitive enough to define exposures at low levels in human populations. It will be important to understand whether complex mixtures or families of chemicals acting on the same pathways affect common targets. As with many other exposure biomarkers, the analysis is being conducted in peripheral blood rather than target organs and the relevance of these changes to the disease pathways will need to be elucidated. In addition, the dynamic nature of each of these systems may militate against long-term exposure assessment, unless some of the changes prove stable over time.
As well as the above biological considerations, the omics technology will need to be tailored in terms of sensitivity, sample requirement, throughput and cost. Purification procedures in the case of metabonomics and proteomics will be important to permit analysis of less abundant but possibly more informative, proteins or metabolites among the background of quantitatively more dominant species. Although not explicitly discussed here, the need for sophisticated statistical analysis emerges as crucial to any eventual application. As with the earlier generation of exposure biomarkers, a carefully planned strategy, starting with model systems and small-scale human studies, is likely to be most successful (45) .
Conclusions
This review has considered some general principles in relation to biomarkers of exposure as well as presenting examples of existing and currently explored approaches. There are a number of future priorities which merit highlighting. One is the need for appropriate biomarkers of physical activity, important in a numbers of major cancers (91, 92) . As potential mechanisms of carcinogenesis are investigated, biomarkers are needed that reveal what type and frequency of physical exercise have most impact in affecting those mechanisms and cancer risk, such that prevention strategies can be informed by a strong scientific rationale. Similarly, biomarkers have much to contribute to the study of diet, obesity and cancer, including assessment of specific nutrients, dietary patterns and energy balance. Application of biomarkers to European Prospective Investigation into Cancer and Nutrition, for example, continues to hold much promise (93) whilst mechanism-based biomarkers need to emerge from understanding the way in which obesity alters cell function and subsequently cancer risk. Other environmental chemical exposures would also merit from better biomarkers, as would non-ionizing radiation.
The new generation of cohort studies (8, 10, 94, 95) provides the framework to investigate genetic variation, environment, lifestyle and chronic disease for the next two to three decades. These studies represent substantial investment, with UK Biobank for example recruiting half a million adults at a cost of $£60 million in the initial phase. A considerable part of this cost is driven by the collection and banking of biological material. This investment is at least partially justified on the assumption that biochemical and molecular measures on this material will help resolve important aetiologic questions. It should be self-evident that unravelling complex environmental and genetic aetiologies in order to plan effective public health interventions demand that both environmental exposures and genetic variation are reliably measured. In fact, even the effects of genetic variation may be undetected if the amplification of that effect due to interaction with an environmental risk factor is itself unmeasured. Advances in statistical methods and in bioinformatics in relation to large data sets are also of critical importance in addressing these challenges. The further development, validation and application of biomarkers of exposure in this context are manifestly a critical part of the future of cancer epidemiology in the 21st century.
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